AKI affects both quality of life and health care costs and is an independent risk factor for mortality. At present, there are few effective treatment options for AKI. Here, we describe a nonpharmacologic, noninvasive, ultrasound-based method to prevent renal ischemia-reperfusion injury in mice, which is a model for human AKI. We exposed anesthetized mice to an ultrasound protocol 24 hours before renal ischemia. After 24 hours of reperfusion, ultrasound-treated mice exhibited preserved kidney morphology and function compared with sham-treated mice. Ultrasound exposure before renal ischemia reduced the accumulation of CD11b + Ly6G high neutrophils and CD11b + F4/80 high myeloid cells in kidney tissue. Furthermore, splenectomy and adoptive transfer studies revealed that the spleen and CD4 + T cells mediated the protective effects of ultrasound. Last, blockade or genetic deficiency of the a7 nicotinic acetylcholine receptor abrogated the protective effect of ultrasound, suggesting the involvement of the cholinergic anti-inflammatory pathway. Taken together, these results suggest that an ultrasound-based treatment could have therapeutic potential for the prevention of AKI, possibly by stimulating a splenic anti-inflammatory pathway.
The immune response after ischemia-reperfusion injury (IRI) contributes to tissue damage and reduced GFR. CD45 + leukocyte infiltration begins as early as 30 minutes after reperfusion, with the appearance of CD4 + and CD8 + T cells, B220 + B cells, and the myeloid/ monocyte populations (including Ly6G + neutrophils, Ly6C + CCR2
+ monocytes, and F4/80 + macrophages). 1,2 Attenuating this ensuing inflammatory response markedly reduces the development of IRI [3] [4] [5] [6] [7] [8] [9] by preventing tubular epithelial cell apoptosis, rarefaction, and scarring. 10 The severity of tissue injury depends on the duration of ischemia and results in acute loss of kidney function, progressive kidney fibrosis, 11 and, in some cases, CKD or ESRD. 11, 12 Given the role of the innate immune system in the development of AKI, 1, 13, 14 treatments targeting inflammation could be valuable therapeutic tools. However, current immunosuppressive agents elicit adverse effects and increase the onset of various comorbid conditions. 15, 16 An inherent splenic anti-inflammatory pathway has recently been described, and this pathway can be stimulated pharmacologically with nicotinic agonists or by electrical stimulation of the vagus nerve. Referred to as the cholinergic anti-inflammatory pathway, this cascade depends on the spleen, CD4 + T cells, and the a-7 nicotinic acetylcholine receptor (a7nAChR). 17 This pathway modulates inflammation and benefits animals in models of myocardial ischemia, 18 hepatic injury, 19 sepsis and endotoxemia, 17, 20, 21 IRI, [22] [23] [24] and the response of humans injected with lipopolysaccharide. 25 Because of its efficacy in humans and the preclinical data from human tissues, the cholinergic anti-inflammatory pathway is a promising therapeutic target. However, improved methods to stimulate this anti-inflammatory pathway are needed.
Using a modification of contrastenhanced ultrasound (CEU), our original intent was to develop a method to precondition the renal vasculature before IRI. 26 This concept stems from observations that a modified CEU protocol improves blood flow in ischemic skeletal muscle. [27] [28] [29] Serendipitously, results from our initial studies revealed that prior ultrasound (US) exposure alone, in the absence of a contrast agent, prevented kidney IRI. Further studies indicated that the cholinergic anti-inflammatory pathway may be involved because of the dependence of the US treatment on an intact spleen and the a7nAChR. These studies provide evidence for a simple, portable, noninvasive, and nonpharmacologic approach to prevent AKI.
RESULTS

Prior Exposure to US Reduces IRI in Mice
Our initial interest was to investigate the potential use of CEU to prevent IRI. Twenty-four hours before IRI, mice were infused intravenously with a gas-microbubble contrast agent that was destroyed in the kidney using US. Interestingly, we found marked attenuation of AKI (determined by plasma creatinine) in all mice receiving US, regardless of infusion media (contrast agent or saline) ( Figure 1A ). The study was repeated with the same US settings but without intravenous infusion, and again US exposure alone 24 hours before IRI preserved renal function ( Figure 1B) . Quantitative stereologic analysis of hematoxylin and eosin (H&E)-stained kidney sections revealed that 18.8%6 0.8% of the tissue section surface area consisted of necrotic tubules in mice subjected to IRI alone. This was reduced in mice exposed to US before IRI to 6.0%61.4% (P,0.001 versus IRI alone), a value similar to that in sham-operated mice (1.7%6 0.8%, P=0.33) ( Figure 1C ). To determine the duration of USmediated protection, mice were exposed to US up to a week before IRI. Kidney injury was significantly attenuated when mice were exposed to a single US treatment 1 or 2 days before IRI. The efficacy waned in a time-dependent manner when US was applied 3-7 days before IRI ( Figure 1D ). Prior exposure to US alone prevents IRI in naive mice. (A) Mice were infused (intravenously) with the microbubble (MB) contrast agent (or saline) and exposed to US 24 hours before 26 minutes of kidney ischemia, followed by 24 hours of reperfusion (IRI). The preservation of kidney function (as assessed by plasma creatinine) depends on the US application alone. (B) Preservation was replicated in animals without intravenous infusion. (C) Renal morphology (as assessed in H&E-stained tissue section) confirms prevention of IRI in animals exposed to US 24 hours before IRI. n=5-16. (D) Mice were exposed to US 1, 2, 3, 5, or 7 days before IRI. IRI was reduced in animals exposed to US 2 days before injury. n=5. *P,0.001 compared with groups without US; **P,0.005 compared with animals exposed to US 7 days before IRI. Scale bars, 100 mm in lowpower image, 50 mm in the inset. Data in bar graphs are shown as mean 6 SEM.
Long-term studies also revealed the preservation of tissue morphology in mice pretreated with US before IRI. Mice were exposed to US 24 hours before bilateral IRI. However, to ensure survival for the duration of the experiment (4 weeks), a reduced period of ischemia (25 minutes) was used. Renal tubulointerstitial fibrosis was assessed 4 weeks later by quantifying Masson trichrome-stained kidney sections. Stereologic analysis revealed that 13%61% of the tissue section surface area consisted of trichrome-positive tubulointerstitial fibrotic tissue in mice subjected to IRI alone. This value was reduced to 1.5%60.5% (P,0.001) in mice pretreated with US ( Figure 2A ), indicating that prior US treatment preserved tissue morphology beyond 24 hours. There was also a .85% reduction in the renal expression of vimentin, a-smooth muscle actin, collagen I, and collagen III mRNA compared with mice exposed to IRI alone ( Figure 2B ). These results demonstrate that mice exposed to US up to 2 days before IRI have attenuated AKI (24 Figure 1 ).
The Spleen Is the Tissue Target for US-Mediated Tissue Protection
To elucidate the tissue target of US, the US treatment was applied to the right or left side of the animals before bilateral IRI in an attempt to prevent tissue injury in the ipsilateral kidney alone. Interestingly, we observed that US treatment of the left side, but not the right, attenuated the increase in plasma creatinine (60% reduction) ( Figure 3A) . We also noted visual differences in spleen size; spleen weight was negatively correlated with plasma creatinine after 24 hours of reperfusion ( Figure 3B ). Combined, these data suggested the spleen was mediating the US-mediated tissue protection. To address this hypothesis, splenectomy was performed 7 days before US treatment. Twenty-four hours after US treatment, mice were subjected to IRI. Splenectomized mice receiving US before IRI had higher plasma creatinine levels than mice receiving the same treatment with intact spleens ( Figure 3C ). These results suggest that the spleen is the target of US-mediated tissue protection.
Splenic CD4 + T Cells Are Required for US-Mediated Reduction in IRI Given the complex cellular composition of the spleen, we sought to determine whether US-mediated kidney tissue protection depended on immune cells. US and IRI treatments were performed in Rag1 2/2 mice lacking functional T and B Figure 2 . The preservation of tissue morphology by prior US exposure is observed 4 weeks after IRI. Mice were exposed to US 24 hours before mild (25 minutes) IRI and were maintained for 4 weeks. Mice receiving US before IRI had (A) less tubulointerstitial fibrosis (quantified using Masson trichrome staining) and (B) .85% reduction in renal mRNA expression of profibrotic genes. n=3. Data in B are the mean 6 SEM for ΔCT (change in cycle threshold) values calculated on the basis of tissue glyceraldehyde 3-phosphate dehydrogenase expression. aSMA, a-smooth muscle actin; Col1, collagen 1; Col3, collagen 3; Vim, vimentin.
lymphocytes. Prior US treatment again markedly reduced IRI in wild-type mice. Rag1 2/2 mice, however, did not benefit from prior US exposure when subjected to IRI ( Figure 4A ).
Reconstitution of Rag1
2/2 mice with 0.5-2.0310 6 wild-type CD4 + cells 10 days earlier restored US-induced protection from IRI ( Figure 4B ). To investigate the contribution of the spleen in this process, Rag1 2/2 mice were splenectomized 7 days before CD4 + T-cell administration and US/IRI treatments. Compared with Rag1 2/2 mice with intact spleens, splenectomy reduced the CD4 + T cell-specific restoration of US-induced protection from IRI ( Figure 4 , C and D). These data suggest that both the spleen and CD4 + T cells are required for the US-mediated reduction in IRI.
US Reduces IRI in an a7nAChR-Dependent Manner US reportedly modulates nerve activity and can stimulate the motor cortex and elicit limb movement in rodents. 31 Nerve stimulation can activate the cholinergic anti-inflammatory pathway, and therefore we hypothesized that US is modulating IRI through activation of this pathway ( Figure 5 ). Previous reports showed that systemic administration of nicotinic agonists reduced renal IRI. However, it was concluded that the kidney (and not the spleen) was the tissue target. 22 To verify the involvement of the spleen in preventing IRI with cholinergic agonists, cytisine (an a7nAChR agonist) was administered to splenectomized animals subjected to IRI. Cytisine reduced IRI in animals with intact spleens but was ineffective in splenectomized animals ( Figure 6A ). These data suggest that prevention of IRI by a7nAChR stimulation, similar to our US treatment, depends on an intact spleen.
To investigate whether the protective effects of US were mediated through the cholinergic anti-inflammatory pathway and a7nAChR signaling, US was performed in wild-type mice pretreated with the a7nAChR antagonist a-bungarotoxin or in mice lacking a functional a7nAChR (Chrna7 2/2 ). Both the a-bungarotoxin-treated wild-type mice and untreated Chrna7 2/2 mice developed AKI after IRI. However, prior pharmacologic blockade of the a7nAChR (Figure 6B ), or lack of the a7 subunit ( Figure 6C ), removed the protection elicited by US exposure. Therefore, these data demonstrate that US attenuates IRI in an a7nAChR-dependent manner.
DISCUSSION
The results of our studies demonstrate that mice exposed to a US regimen before IRI had preserved kidney structure and function accompanied by a reduction in tissue inflammation.
The protective effect of a single US exposure lasted for 2 days and depended on the spleen and CD4 + T cells. Cytisine, an a7nAChR agonist, mimicked US-mediated protection of kidneys from IRI, and a-bungarotoxin, an a7nAChR antagonist, blocked the effect of US-mediated tissue protection. Finally, the protective effect of US treatment was absent in a7nAChR deficient (Chrna7 2/2 ) mice. We conclude that US markedly attenuates IRI by activating the splenic cholinergic antiinflammatory pathway. These results suggest that this US regimen (with US settings within diagnostic imaging guidelines) is simple, noninvasive, portable, nonpharmacologic, and readily translatable.
We and others have shown the involvement of the immune system in IRI and that blocking inflammatory pathways prevents tissue damage and loss of kidney function in animal models of AKI (reviewed elsewhere 10, 32 ). Here we report that an US regimen prevents inflammation and subsequent tissue damage in a murine model of AKI. This supports previous reports that prior splenic US exposure induced an anti-inflammatory effect. 33, 34 The authors reported reduced hemolysis and hemagglutination titers and varied immunoglobulin response in mice immunized with sheep red blood cells. Although controversial, 35, 36 this early study sparked a series of publications throughout the 1980s on the interaction of US and the immune system. 33, [37] [38] [39] [40] However, the mechanism underlying US modulation of the immune system was never determined, and this topic was seemingly disregarded.
In vitro [41] [42] [43] and in vivo studies have shown that US interacts with 44 and could be used to activate 31, 45 neurons. The cholinergic anti-inflammatory pathway provides a physiologic means by which US, possibly through interacting with the splenic nerve, may interfere with the pathogenesis of IRI. Initially described in human macrophages in the context of sepsis, 46 the cholinergic anti-inflammatory pathway mediates the neural control of systemic inflammation. Recognition of inflammatory mediators results in the stimulation of the efferent vagus nerve and impulse transmission to the spleen via the splenic nerve. 21, 47 Innervating regions of the spleen rich in splenic CD4 + T cells, splenic nerve terminals release norepinephrine, which binds to b-adrenergic receptors expressed on a subset of splenic CD4 + T cells. This results in the local release of acetylcholine (predominantly from T cells), which binds to a7nAChR on nearby splenic macrophages, reducing their response to noxious stimuli associated with sepsis/endotoxemia. 17, 48 Macrophages are a major source of circulating cytokines during inflammation, 20, 49 and controlling the behavior of these cells is believed to substantially modulate the systemic immune response. IRI is a sterile form of inflammation that is initiated by the injury/apoptosis of renal cells. This damage, whether detected locally by resident myeloid cells or systemically after release of damage-associated molecular patterns, 50 results in kidney inflammation with the proliferation of resident and the infiltration of circulating immune cells. Given the involvement of inflammation in the pathophysiology of IRI, prior activation of the cholinergic anti-inflammatory pathway could ameliorate its development. Prior nicotine administration prevented IRI in rats 22 and in wild-type, but not a7nAChR 2/2 , mice 24 but it was concluded that protection was mediated by renal a7nAChRs. 22 However, this conclusion contradicts previous studies showing that the cholinergic anti-inflammatory pathway depends on an intact spleen. 20, 21 The use of vagotomy in the aforementioned paper as a way to deactivate the cholinergic anti-inflammatory pathway probably explains the discrepancy. Whereas vagotomy could prevent the inherent activation of the cholinergic anti-inflammatory pathway, systemic administration of a cholinergic agonist would bypass the efferent vagus nerve ( Figure 5 ).
Combining the previous concepts, we hypothesized that US is preventing IRI by activating the cholinergic anti-inflammatory pathway. Similar to the cholinergic anti-inflammatory pathway, the US method depends on an intact spleen and CD4 + T cells. Vagal nerve stimulation induces production of acetylcholine, the endogenous a7nAChR ligand, by a splenic CD4 + T cell subset. 17 This explains the dependence of an intact spleen for the restoration of US-induced protection by CD4 + T cells in Rag1 2/2 mice. To further support the involvement of the cholinergic anti-inflammatory in our US treatment, we show that US exposure prevents IRI in an a7nAChR-dependent manner. Using both pharmacologic blockade of the a7nAChR in wild-type mice and genetically modified mice lacking a functional a7nAChR, we demonstrated a critical role of a7nAChR in mediating the protective effect of US. Aside from cholinergic agonists, other biomolecules are capable of modulating hypoxic diseases. 14, 51 In animal models of IRI, the anti-inflammatory actions of T regulatory and tolerized dendritic cells heavily depend on adenosine signaling. 9, 52 Both of these cell types are found in the spleen, and therefore future studies are needed to determine the role of adenosine, and other signaling molecules, in the protective effect of US. It is also important to highlight that US appears to influence the innate immune system, as shown in this study, as well as components of adaptive immunity as reported previously. 33, 34 These data suggest that US could be beneficial to prevent reperfusion injury to other organs such as liver, lung, and heart.
Our data also suggest that the spleen is influenced or involved in the pathophysiology of IRI. The spleen is a reservoir of monocytes that localize to infarcted tissue. 53 Other data suggest that splenectomy prevents IRI in rats 54 and the spleen plays a deleterious role in animal models of stroke. 55, 56 These studies portray the spleen as a source of proinflammatory cells that propagate ischemic tissue injury. By contrast, results from our study (showing that prior splenectomy did not reduce the development of IRI) and others 57 reveal a beneficial, anti-inflammatory role of the spleen. This discrepancy could be the result of differences in the timing of splenectomy (immediately versus a week earlier) or the severity of IRI induced in these studies (plasma creatinine of approximately 1.6 versus Figure 1D ). (C) US does not prevent IRI in mice splenectomized 7 days before US and IRI. n=5-7. *P=0.03, **P=0.007, ***P=0.003. Data presented as mean 6 SEM. SPLX, splenectomized.
0.8 mg/dl). However, the identification of the cholinergic antiinflammatory pathway and other immune modulatory functions of the spleen 58 suggests that the spleen is more than a source of proinflammatory cells. Our current study supports this notion, with cytisine administration having no beneficial effect on IRI in animals previously splenectomized. The requirement of an intact spleen also suggests that the beneficial effects of cholinergic agonists are not due to direct drug-related effects on renal parenchyma or renal hemodynamics. Aside from nicotinic agonists, other therapies for AKI may also depend on an intact spleen. Protection from AKI in an animal model of sepsis by prior administration of the antimalarial drug chloroquine was lost in splenectomized mice. 59 Therefore, further studies are needed to determine the involvement of the spleen in the pathogenesis of AKI and other ischemic diseases.
In conclusion, we describe an US-based method that prevents renal IRI in mice. This US-based treatment appears to stimulate an inherent anti-inflammatory pathway in the spleen that depends on the a7nAChR. Data presented here also implicate the spleen in the pathophysiology of AKI and as a potential therapeutic target. The US method described here is simple and provided by a routine clinical imaging system. Therefore, rapid translation to human studies in the prevention of AKI and other inflammatory diseases should be feasible.
CONCISE METHODS
Mice and Reagents
All experiments were performed in accordance with the National Institutes of Health and Institutional Animal Care and Use Guidelines. The Animal Care and Use Committee of the University of Virginia approved all procedures and protocols. Male mice (8-12 weeks of age) were used for all experiments. Wild-type C57/Bl6 mice were purchased from the National Cancer Institute (Frederick, MD). Both the Rag1 2/2 (B6.129S7-Rag1tm1Mom/J) and Chrna7 2/2 (B6.129S7-Chrna7 tm1Bay /J) mice were obtained from Jackson Laboratories (Bar Harbor, ME).
US Application
For US exposure, mice were anesthetized with an intraperitoneal injection of a mixture of ketamine (90 mg/kg), xylazine (9 mg/kg), and atropine (0.18 mg/kg). Fur was shaved and removed using a depilatory. Mice were then placed on a modified microscope stage, which was positioned under an US transducer held in place with a ring clamp. Prewarmed US gel was then placed on the depilated skin for US application. Mouse body temperature was monitored via rectal probe (Fine Science Tools, Foster City, CA) and maintained at 3660.5°C with a heating pad and heat lamp. A Sequoia 512 US machine with a small-animal 15L8w transducer (Acuson, Malvern, PA) was used for US application. Once the animal's body temperature was stabilized, the left kidney (or left side) was localized in real-time using conventional B-mode imaging with a frequency of 14 MHz and a mechanical index of 0.99. In preliminary studies only ( Figure 1A ), microbubble contrast agent was diluted 1:5 in sterile saline and infused intravenously (into tail vein) at a rate of 10 ml/min. Sterile saline was used as a control. The US treatment consisted of imaging with a low-mechanical-index (0.16) for contrast agent (cadence mode) with a frequency of 7 MHz. Pulses of US (burst function) with a mechanical index of 1.2 and duration of 1 second were administered to destroy microbubbles within the renal tissue once every 6 seconds for 2 minutes; this protocol has previously been optimized for vascular imaging using contrast-enhanced US in humans 60 and mice (Gigliotti, Kalantari, Rosin, and Okusa, unpublished observations). The same imaging sequences were repeated for the right kidney (or right side). With the exception of those performed for Figure 3A , all experiments were performed in a similar manner with both kidneys, or sides, exposed to US. After the initial studies, in Figure 1A , the same US procedure was performed but in the absence of infusion. Control animals underwent the same preparation procedures but were not exposed to US. Total US exposure was approximately 5 minutes, with small variations in the time required to stabilize body temperature and localize the kidneys. After US treatment, animals were allowed to recover from anesthesia in a temperature-controlled incubator.
IRI and Splenectomy Procedures
Aside from the timeline study, mice underwent renal IRI 24 hours after US treatments. Mice were anesthetized with an intraperitoneal injection of ketamine (120 mg/kg), xylazine (12 mg/kg), and atropine (0.324 mg/kg). Mouse body temperature was monitored via rectal probe (Fine Science Tools, Foster City, CA) and maintained at 35°C60.5°C with a heating pad and heat lamp.
Bilateral renal IRI was performed through flank incisions by clamping the renal pedicle for 26 minutes as previously published by our laboratory. 8, 61 This length of ischemic time is based on our laboratory's experience using male (8-12 weeks old) C57Bl/6 mice to ensure reproducible kidney injury with minimal mortality. The clamps were then removed and the wound sutured after restoration of blood flow was visually observed. Sham-operated mice underwent the same procedure except that the renal pedicles were not clamped. Twenty-four hours after reperfusion, blood was collected by retroorbital puncture with light anesthetic, and mice were then euthanized by cervical dislocation. For experiments that involved splenectomy before IRI, mice were anesthetized with intraperitoneal injection of ketamine (120 mg/kg), xylazine (12 mg/kg), and atropine (0.324 mg/kg). The spleen was then removed through a small flank incision. Sham-operated mice underwent the same procedure with the exception of splenic artery ligation and spleen removal. Buprenorphine (0.15 mg/kg) was administered as a postoperative analgesic for both IRI and splenectomy. Sham and splenectomized mice were allowed to recover for 7 days before US treatment. Twenty-four hours after US treatment, mice were subjected to IRI.
Plasma Creatinine and Stereologic Analysis of Tissue Morphology
Plasma creatinine (mg/dl) was determined via colorimetric analysis following the manufacturer's protocol (Sigma). Kidneys were dissected and the capsule removed. A center transverse section was cut and placed in paraformaldehyde (4%)/lysine/periodate for 24 hours and then stored in 70% ethanol until paraffin embedding. Fivemicrometer paraffin sections were cut and stained with H&E or Masson trichrome following standard procedures.
The extent of acute tubular necrosis (by H&E) or kidney fibrosis (by Masson trichrome) was assessed in an unbiased, systematic manner using design-based stereology to achieve statistically accurate random sampling of kidney sections and yielding the percentage of total area of the section occupied by injured tubules or fibrotic tissue. The investigator was blinded to the experimental identity of the sections. Sections were imaged by using a Zeiss Axio Imager Z2/Apotome Microscope fitted with motorized focus drives and motorized XYZ microscope stage and integrated to a workstation running StereoInvestigator software, version 10.51 (MBF Bioscience, Williston, VT). The area fraction fractionator probe (StereoInvestigator) was used for stereologic analysis of the fractional area of the section occupied by tubular necrosis or tubulointerstitial fibrosis. The following variables were defined: counting frame, 2503250 mm for H&E, 200320 mm for trichrome; sample grid, 6003600 mm; grid spacing, Figure 5 . The cholinergic anti-inflammatory pathway provides a potential mechanism for US-mediated protection from IRI. Activation of the adrenergic splenic nerve results in the release of norepinephrine, which binds to adrenergic receptors on nearby CD4 + T cells. This stimulates the production of acetylcholine, which binds to a7nAChRs on splenic myeloid cells (macrophages) and results in reduced inflammation and IRI. Cytisine, an a7nAChR agonist, mimics the effect of acetylcholine, whereas a-bungarotoxin, an a7nAChR antagonist, blocks the effect of endogenous acetylcholine. BT, a-bungarotoxin. Adapted from reference 65.
50 mm for H&E, 50 mm for trichrome. These values were determined empirically such that adequate numbers of sample sites were visited and adequate numbers of markers (indicating injured tubules or extracellular deposition of collagen) were acquired, in keeping with accepted counting rules for stereology. A total of 604629 (mean 6 SEM) grid sites were evaluated per section; the sampling fraction was 17.4% of a total average area of 8.15310 6 60.33 mm 2 for each kidney section. Acute tubular necrosis was identified according to the presence of cast formation, tubule dilation, and/or tubular epithelial denucleation. Interstitial fibrosis (i.e., extracellular collagen deposition) was identified by using Masson trichrome stain.
Flow Cytometry and Immunofluorescence Microscopy
To quantify infiltrating leukocytes by flow cytometry, kidney single cell suspensions were prepared from mice subjected to IRI or sham operation. Sample leukocyte subset cell number was calculated as described before. 6 The following antibodies (clone) were used to identify neutrophils: PE-Cy7-labeled antimouse CD45 ( 
Quantitative Real-Time PCR Analysis
Total RNA was extracted from kidneys with TriReagent according to the manufacturer's protocol (Molecular Research Center Inc., Cincinnati, OH), and cDNA was synthesized using a cDNA transcript kit (Invitrogen). Primers were designed using IDT PrimerQuest (Integrated DNA Technologies). Primer sequences used to detect mRNA expression of genes of interest are as follows (59-39): (Col1) forw -ACTCCTGGACTTCCTGGCTTCAAA, rev -TCCTGCTTGACCTG-GAGTTCCATT; (Col3) forw -TCCTAACCAAGGCTGCAA-GATGGA, rev -ACCAGAATCTGTCCACCAGTGCTT, (aSMA) forw -ATTGTGCTGGACTCTGGAGATGGT, rev -TGATGTCACGGA-CAATCTCACGCT, (Vim) forw -AGATGGCTCGTCACCTTCGTGAAT, rev -TTGAGTGGGTGTCAACCAGAGGAA, and (GAPDH) forw -ACGGCAAATTCAACGGCACAGTCA, rev -TGGGGGCATCGGCA-GAAGG. Real-time PCR was performed using the iScript 1-step RT-PCR kit with SYBR Green (Bio-Rad) and quantified using a singlecolor iCycler real-time PCR machine (Bio-Rad). Delta C t values were calculated on the basis of tissue glyceraldehyde 3-phosphate dehydrogenase expression.
Adoptive Transfer Studies
Total CD4 + cells were isolated from splenic single cell suspensions using the Dynal mouse CD4 negative isolation kit (Invitrogen). Eight-to 10-week-old Rag-1 2/2 mice were then injected with 0. 
Pharmacologic Modulation of a7 Nicotinic Acetylcholine Receptors
The a7 nicotinic acetylcholine receptor antagonist a-bungarotoxin (30 ng/g) and agonist cytisine (100 ng/g) were administered intravenously (tail vein) 1 hour before IRI. The concentrations of a-bungarotoxin (Invitrogen, Grand Island, NY) and cytisine (Sigma, St. Louis, MO) were developed on the basis of the 50% lethal dose for a-bungarotoxin (130-160 ng/g) 63 and values used in previous studies with cholinergic agonists. 22, 24, 64 Statistical Analyses
All animal studies were conducted using a complete randomized design. Data were analyzed using one-or two-way ANOVA, with a significant difference represented by P,0.05. Means were compared by post hoc multiple-comparison test (Tukey), and all values are presented as mean 6 SEM. The correlation between splenic weights and plasma creatinine was determined using Pearson product moment correlation. All statistical analyses were performed using SigmaPlot 11.0 software (Systat, Chicago, IL).
